The improvement of formability has been investigated in the multistage deep drawing of beta titanium alloy sheet. The beta titanium alloys have good cold workability in the metal forming. However, a seizure tends to occur during metal forming due to high reactivity with other metals. The occurrence of the seizure becomes remarkable in sever forming operations such as deep drawing and ironing. Especially, it is hard to prevent the occurrence of seizure in multistage deep drawing process. In this study, to improve the formability of titanium alloy sheet, the formability in multistage deep drawing process of beta titanium alloy was investigated. The blank used was the commercial beta titanium alloy Ti-15V-3Cr-3Sn-3Al. To prevent the occurrence of seizure, the blank treated by oxide coating was used. The coated sheet was not in direct contact with the tools of die and punch during deep drawing due to the existence of the oxide layer. The effects of the surface roughness and hardness on the formability in the multistage deep drawing processes were examined. The improvement of surface roughness of drawn cup was also attempted by using heat treatment. A long titanium alloy cup was successfully formed by intermediate annealing at the 3rd stage. The drawn cup by multistage deep drawing could be formed to the 6th stage. It was found that the beta titanium alloy sheet covered with oxide layer has sufficient ability in preventing the seizure in multistage deep drawing processes.
Introduction
Titanium alloys have high heat resistance and high corrosion resistance. They have been used in the chemical and petroleum industries for a long time (Taki et al., 1995) . These alloys are also light in weight. In recent years, they have been used for various applications, such as aircraft parts and eyeglass frames (Kakunai et al., 2010) . In general, titanium alloys are classified into three categories, alpha alloys, alpha and beta alloys and beta alloys. They are nowadays largely utilized in the medical field (Kinoshita et al., 2011) . The beta alloys show comparatively ductility for cold forming (Chen et al., 2004) . However, a seizure tends to occur during metal forming due to high reactivity with other metals (Njankeu et al., 2006) . The occurrence of the seizure becomes remarkable in sever forming operations such as deep drawing and ironing. Especially, it is hard to prevent the occurrence of seizure in multistage deep drawing process.
In the present study, the formability in multistage deep drawing process of beta titanium alloy was investigated. To prevent the occurrence of seizure, the blank sheet treated by oxide coating was used. The coated sheet was not in direct contact with the tools of die and punch during deep drawing due to the existence of the oxide layer. The effect of the coating condition on the formability in the multistage deep drawing processes was examined.
Experimental techniques
The material was the beta type alloy, Ti-15V-3Cr-3Sn-3Al alloy . Chemical analysis of the alloy is tabulated in Table 1 . This alloy shows the comparatively good formability. The blank cut from the alloy sheet by shearing and blanking. The initial thickness of the blank was 1.0 mm, and the diameter was in the range of 70-85 mm. The dies and punches are the heat treated tool steel JIS-SKD11.
The oxide coating was used for the prevention of seizure in the multistage deep drawing, because problem of seizure was not sufficiently solved by only selection of lubricants. At temperatures above about 993 K (720 °C), the crystal structure of Ti-15-3-3 alloy is transformed to the beta type. In the present study, the temperature of heat treatment was 1023K (750 °C), and holding time was 0.3 ks (5 min). In this case, the thickness of the oxide layer was about 0.002 mm. It was measured by the Auger Electron Spectrometry.
Tensile specimens of 50 mm in gauge length, 25 mm in width and 1.0 mm in thickness (JIS-No.13B) were made from the alloy sheet. Tensile axes for the specimens prepared from alloy sheet were at 0 o , 45 o and 90 o to the rolling direction. The test was carried out in air at the speed of 5 mm/min (0.0017 1/s in strain rate) using the testing machine (Instron model) with a load capacity of 50kN. The material properties of Ti-15-3-3 alloy are given in Table 2 . The multistage deep drawing was performed using an oil hydraulic press at a forming speed of about 10 mm/min. The fold pressure was about 10 kN at 1st stage. The deep drawing processes of the Ti-15-3-3 alloy sheet used in the experiment are illustrated in Fig. 1 . Various cups are drawn by exchanging the punch and the ringed die. The shape of the die is flat in the first stage, and is taper without a blankholder in the subsequent stages. The clearance between the punch and die is set to be equal to the thickness of the sheet of 1.0 mm. The lubricant used is the solid powders of molybdenum disulfide. The forming conditions of multistage deep drawing are shown in Table 3 .
Experimental results
The deep drawing was carried out to investigate the limiting drawing ratio (LDR). The drawn cups by the first stage drawing are shown in Fig. 2 . The blank diameter is in the range of 70 -85 mm. When the blank diameter was 80 mm, the alloy sheet was successfully drawn without the cracks. In blank larger than 85 mm in diameter, the alloy sheet was not drawn, as shown in Fig. 2 . The LDR of the Ti-15-3-3 alloy sheet is about 2.0.
The multistage deep drawing was performed. The drawn cups of Ti-15-3-3 alloy sheet treated by oxide coating at 1023 K (750 °C) for 0.3 ks (5 min), are shown in Fig. 3 . The initial diameter of the blank was 70 mm. The 6th cup was not drawn, because the fracture was generated at the middle side wall of the drawn cup. The drawn cup by multistage deep drawing could be carried out to the 5th stage. On the other hand, the occurrence of many fine cracks on the surface of the side walls of the cup after the 2nd stage was observed. Many fine cracks on the surface of the side wall of the drawn cups are shown in Fig. 4 . The blank diameter was 70 mm. Cracks were particularly noticeable on the side wall region in the direction perpendicular to the rolling direction of the blank. As the stage number increases, the roughness gradually increases. Although the occurrence of cracks was observed at the 2nd and subsequent working stages, no fracturing of the cup was found, and it was possible to form the 5th stage cup.
In order to improve the formability of drawn cup, the drawn cup was heat treated at intermediate stage. The drawn cup at the 3rd stage was coated with oxide layer by reheating. The reheating conditions were at 1023 K (750 °C) for 0.3 ks (5 min). The cup was successfully drawn at 6th stage (see Fig. 5 ). However, there are many cracks on the side wall. The variations of the surface roughness with the stage number for the Ti-15-3-3 alloy cups are shown in Fig. 6 . The surface roughness of the side wall became large. The values of surface roughness for the cup reheated at 3rd stage are slightly smaller than that for the cup without intermediate annealing (see Fig. 7 ). This is partly due to the deformation resistance of the drawn cup at the 3rd stage decreased by reheating (see Fig. 8 ). The distribution of the sheet thickness resulting from multistage deep drawing was investigated. The distributions of wall thickness strain of the drawn cups by multistage deep drawing are shown in Fig. 9 . The blank diameter was 70 mm. The drawn cup at the 3rd stage was coated with oxide layer by reheating. As a result, it was found that the reduction of sheet thickness of corner parts where the thickness reduction is large was no more than 12%, regardless of the number of stages. Also, it was found that the increase in sheet thickness at the openings of the container was approximately 6%. This is because the clearance between the punch and the die during the working process is the same as the sheet thickness of the blank. It is thought that this is due to the effect of ironing in the vicinity of the opening.
Conclusions
The effect of the coating condition on the formability in the multistage deep drawing processes was examined. In order to form long titanium alloy cups, the seizure in the multistage deep drawing operation was prevented by treating Ti-15-3 alloy sheets with the heating oxide coatings. The coating sheets have enough strong layers for preventing the seizure. The substrate was not directly in contact with the die. For the prevention, the bondability of the oxide layer is very significant. Deep drawing of more than 6 passes necessary for forming of extremely long cups became possible. However, the surface roughness gradually increased as the stage number increased. It was necessary to improve the surface roughness. We are preparing for future use of this alloy sheet. It was found that the long drawn cups were successfully formed by oxide coating heating.
